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Abstract

During the freezing process, water is partially separated as ice and the solutes are concentrated in the unfrozen matrix
(UFM). With further lowering of the temperature, the UFM becomes highly viscous. The high viscosity of the UFM prolongs
ice formation and makes it difficult to accurately determine the glass transdijparfd the concentration (f'of the maximally
freeze-concentrated matrix. In this study, a new method for the determination of the concentration of the UFM was developed
using differential scanning calorimetry (DSC). Sugar solutions were frozen, annealed at temperatures slightly above the
expectedry, rapidly cooled and then heated toZD. The UFM concentrations of the annealed samples were obtained by
estimating the solute concentration corresponding td §ta the respective annealing temperature. The dependenceTgf the
on experimental conditions such as the annealing time, annealing temperature and cooling rate was studied in detail. Values
for Cy and 7y were obtained by linear and quadratic extrapolations of the experimental data over a short temperature and
solute concentration range. The maximal freeze-concentrations of glucose, sucrose and maltose were determined to be 79.9
80.9 and 80.3% (w/w), respectively. Results of this study were in good agreement to previously published data.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction the transition between a viscous rubbery state and an
extremely viscous glassy state. In the glassy state the
Freezing is commonly used to stabilize food prod- mobility of components decreases and therefore, the
ucts. During the freezing process, water is partially rate of the diffusion limited reactions decreaf2s].
separated as ice and solutes are concentrated among At the temperature (), where theTr, curve and
the ice formed. The solutes and the unfrozen water the Ty curve intersect, maximal freeze-concentration
are referred to as the unfrozen matrix (UFM). A state (Cg) is achieved4]. When the solute concentration
diagram of a glucose matrix is shown fig. 1. The is close toC}, the viscosity of the system increases
upper curve is referred to as the ice melting curvg)(T  dramatically. The high viscosity delays the formation
but may be more accurately called a solubility curve of ice and thus inhibits maximal freeze-concentration
for ice in the solute solutiofil]. The lower curve is [5]. Generally, sugar solutions with a solute concen-

referred to as the glass transition curvg)(Wwhich is tration above 70% do not form ice, but rather go from
the rubbery state straight into the glassy sfater].
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Fig. 1. State diagram of glucose, where Tyecurve was generated from values in this experiment andtheurve was generated frofh8].

thermodynamically metastable state. However,7l’(_§1e devitrification and ice formation. However, these
of the system can be determined by extrapolating the changes are more likely in matrices of low UFM con-

melting temperatures towards thgcurve[8]. The ac- centrations and may lead to a superimposed enthalpy
curacy of this extrapolateiﬂé depends greatly on the change over the DSC trace of a glass transition.
accuracy of the lowest measurégl and the distance Two methods have commonly been employed to
between the lowest measurdg, and theTy curve, determine theCé using DSC. In the first method,

because th&, curve is not linear but follows a func-  the area under the heat flow curve was used to cal-
tion of higher order. The lower the temperature, the culate the amount of ice in the samglE,13]. The
steeper the gradient of thg, curve (Fig. 1). accuracy of this method relies on the limits of the
Several methods have been used to study the phaseantegral and the values for the temperature depen-
behavior of frozen systems, such as differential scan- dent specific heat and latent heat of the components
ning calorimetry (DSC), nuclear magnetic resonance [14]. In the second method, the samples are stored
(NMR) [9] and dynamic mechanical thermal analysis at various temperatures in order to achieve maximal
(DMTA) [10]. In the DSC, the heating scan of a frozen freeze-concentration. After annealing these samples
sugar solution exhibits two transitions near fifeThe are cooled below th&g of the UFM. TheTy andCy is
first transition (at the lower temperature) is callbg then determined from th&; of the following heating
and the second transition (at the higher temperature) scan[6,15]. Temperature modulated DSC (TMDSC)
is called T, [11]. The T;1 has been shown to be the of an aqueous sucrose matrix showed that kinetically
Tg4 of the UFM[6]. The glass transition of the UFM  limited ice crystallization still takes place when an-
occurs over a temperature range and coincides with nealed at temperatures neds after 5h, however,
a dramatic change of viscosity, which can promote when annealed at temperatures rnigarvery little ice
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formation was observed in the same time fraih@). from freeze-dried 10% (w/w) solutions, which were
Therefore, the?é of the latter method depends on both stored over phosphorous pentoxide@g) for 8 days.
the annealing temperature and annealing time. Since Samples (17.23.8 mg) were placed into pre-weighed
the samples were only annealed for one fixed time aluminum pans (244 + 0.01 mg) and hermetically
interval, it is likely that annealing for a longer time sealed. The weights of the DSC pans were measured
would influence the concentration of the UFM as re- using an electronic ultramicro balance.
actions are kinetically restricted in this afda].

In this study, a novel approach was used to deter-
mine the UFM concentration below the lowest previ-
ously recorded y, e.g. for glucose the lowest, was

—30°C [18] (Fig. 1) and for sucrose it was19°C DSC studies were carried out on a Pyris 1

[19]. The Cy and Ty values can then be predicted (Perkin-Elmer) equipped with a liquid nitrogen cool-
by extrapolation of the data since the data points are o ur|1it The Dsgu\llsgs c;;/ilbrateéq\lljvlith \;vatgr (HPLC
close to theTg curve. The sugar solution is frozen and g unit

then annealed at a temperature abové[glé)nce the grade, 99.999%, Aldrich) and cyclohexane (HPLC
0 . . )

quasi-equilibrium is reached no further ice is formed ?’Lid'cehzgﬁ?(f A’én':‘ld”(;hlat Zscaerénmg rat; O.f 53Kém':f't

or melted, thus the concentration of the UFM remains rmograms were analyzed using Fyns .5 Soft-

constant. The sample is then rapidly cooled below the ware (Perkin-Elmer). Thdy was determined as the

Ty of the UFM and in a subsequent heating scariie n;utjhpo:n\tNofr :Pencirt\iar;ge n ftth? bs pecllifrllc hez':rcasarc]:lty
of the UFM is measured. Upon lowering the temper- of the lower transition () after baseline subtraction.

ature, the frozen sample can form more ice. However, ;oe?rﬁfrg'rge :[Ibhéle— g’tztiv:o;:?%?svm;ﬁree t?:r?seig(:rc: t\zgs
if the cooling rate is sufficiently fast, further ice for- ali nedgto thé heat rovg The tanaent above the transi-
mation can be inhibited. For each sugar investigated 9 ' 9

in this experiment, the optimal conditions in the DSC t|?n wgst setat thlf Ih]i_gtjr;estthpof!nttotf the trtar|1:§|t|og and
were determined. aligned to a parallel fit to the first tangent (Fig. 6).

2.2. Thermal analysis

2.2.1. Calibration and T, analysis

2.2.2. Determination of T, curve of non-frozen
2. Materials and methods sugar solutions _

Samples of known solute concentrations were
cooled to at least 30K below the expectigd These
samples were then heated at a rate of 5 K/min. From
the Ty of these solutions &y curve was generated
usingEq. (1)

2.1. Sample preparation

Sugar solutions were prepared using anhydrous
glucose (Analar grade, BDH, Poole, UK), maltose
monohydrate (GPR grade, BDH, Poole, UK), sucrose _ xT,1 + z(100— x)T;2
(Analar grade, BDH, Poole, UK) and double distiled 75~ 1100 @)
water. Solutions of low sugar concentrations were
made by dissolving the sugar at room temperature or whereTg is the glass transition temperatures of the
in a temperature controlled water bath at°€5 The aqueous sugar sampldg; andT,, the glass transition
concentration of the solution was determined from its temperatures of each componenthe weight fraction
weight after dissolution. High solute concentrations of the sugar and is the value for the curvature of the
were prepared by pipetting a 66% (w/w) solution into trendline. The values fofy were obtained from solute
pre-weighed DSC pans. The solutions were then dried concentrations ranging from 62 to 100% (w/w). The
in a desiccator and the solute concentration of each values forT,1, Ty» andzwere free parameters for the fit
solution was calculated from the loss of weight. After as this trendline was used as a calibration curve for the
theTqy determination, the samples were observed under data obtained from the DSC experiment in this study.
a microscope to ensure the absence of sugar crystalsThe best fit for the curve was obtained by calculating
The results from solutions containing crystals were the minimum sum of squares of the difference between
disregarded. Thdy of pure sugars was determined the experimental antly values fromEq. (1).
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2.2.3. Effect of annealing time on T, o e glucose 1
The sugar solutions were fast frozen +d.00°C, o 104 - - - - glucose - it /]
and then heated to annealing temperatures above the": 201 X sucrose i
expectedré values[17]. After defined time intervals 5 — - - sucrose - fit s
(5-180min), the samples were cooled to approxi- £ 0T ¢ maliose 7
mately 25K below the expectéiy at a nominal cool- & -40 T maltose -fit ¢
ing rate of 220 K/min, then reheated to the previous ﬁ -50 - .
annealing temperature at a heating rate of 5K/min. & _g¢ i
The last two steps were repeated until the total an- g 70 - )
nealing time was 180 min. Each time the sample was <
heated, th@y was determined. g 801 7 1
o 90 e @’ .
2.2.4. Effect of cooling rate on T, of annealed <100 ey | ey |
samples 55 60 65 70 75 80 85 90
The samples were fast frozen t8100°C, then solute concentration (%)

heated to the annealing temperature. After anneal- N . _
ing for 60 min, the samples were cooled at different Fig. 2. Glass transmo_n temperatgres of various sugars as a function
. . . . of solute concentration. Lines indicate tfg curves generated
nominal cooling rates (100-220 K/min) to approxi- using Eq. (1) with Ty1, Tr2 andz as free parameters for the fit.
mately 25K below the expectell, then heated to
20°C at a heating rate of &/min. The Tg was deter-
mined from the last heating scan.
3. Results and discussion
2.2.5. Determination of the sugar concentration
in the UFM 3.1. T, of sugar solutions
The sugar samples were fast frozen-+4.00°C,
then heated to the lowest temperature from the optimal ~ TheTg curves of glucose, maltose and sucrose were
annealing temperature range and annealed for 60 min.generated usingq. (1)and are shown iftig. 2. TheTg
After annealing, the samples were cooled to approx- values for the pure sugars are summarizedahle 1
imately 25K below of the expectetly at a nominal and were in excellent agreement with previous re-
cooling rate of 220 K/min, then heated to the next sults. In the literature, @y value of —131°C (mid-
highest annealing temperature at a scanning rate ofpoint) is commonly referred to as tfig of water[20].
5K/min. This procedure was repeated until the last The extrapolatedy of amorphous water for each sys-
annealing temperature was reached. Each time thetem was slightly higher than the literature value. This
sample was heated, tfig was determined. The UFM  might be related to the extrapolation over a 60% solute
concentration for samples annealed at various temper-concentration range and free setting of the parameters
atures was obtained from thig curve by estimating Ty, T2 andzin Eq. (1). Free settings of parameters
the solute concentration corresponding to Theat was used to obtain the best fit for the experimental

the respective annealing temperature. results.
Table 1
Ty values from the fitted curve
Sugar Tq for sugar ¢C) Tg for water ¢C)
Fit Literature Fit Literature
Glucose 35 31[22], 37 [23], 38 [24], 39 [25] —126 —131[20], —137[26]
Sucrose 68 57 [25], 62 [21], 70 [24] —128 —131[20], —137[26]

Maltose 85 87 [21], 91 [23], 95 [24] -123 —131[20], —137[26]
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3.2. Optimization of method At different annealing temperatures the time
needed for the system to equilibrate was different. In
The method for the determination of the UFM this study, it was assumed that a quasi-equilibrium
concentration near thg; was optimized for each of  between the ice and UFM was reached when the dif-
the sugars studied. In the following sections, only ference between thigy of an annealed sample and the
results of the optimization procedure for glucose are Tg of the sample that had been annealed for 180 min
shown. However, similar evaluations were carried out was less than 0.2K. Therefore, samples annealed

for sucrose and maltose samples. at —46, —45 and—42°C reached quasi-equilibrium
The influence of the annealing time on thg of after 60 min, whereas samples annealed bela&°C
the sample was studied by measuring Teat dif- and above-42°C needed more than 60 min to be in

ferent time intervals and annealing temperatures. The quasi-equilibrium. Based on these results, the opti-
total annealing time at each annealing temperature mal annealing temperatures for an annealing time of
was 180 min. The differences between thg after 60 min were between-46 and—42°C.

different annealing times (x < 180 min) and thdy The effect of the cooling rate on thig was deter-

at 180 min are illustrated ifrig. 3. TheTy is closely mined at different annealing temperatures. The differ-
related to the solute concentration in the UFM, which ence between th&y at various cooling rates and the
could explain the observed trends. Thg values of Tg at the maximum nominal cooling rate of 220 K/min
samples annealed abovel5°C decreased over time, is shown inFig. 4. The cooling rate at an annealing
which could have been caused by the dilution of the temperature of~-30°C had a strong influence on the
UFM through the melting of ice. On the other hand, Tg, whereas samples annealed at temperatures closer
samples annealed a¥45°C and below increased their  to Tg/ were less affected. In this study, it was assumed
Ty values over time, which could be a result of further that theTy was unaffected by the cooling rate when
ice formation. the difference between tflg determined at a nominal
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Fig. 3. Effect of annealing time on thg, of a 54% glucose solution for different annealing temperatures.
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Fig. 4. Effect of cooling rate on th&; of a 54% glucose solution at different annealing temperatures.

cooling rate of 150 K/min and thE;y at the maximum ple cooling rate, therefore the nominal cooling rates

cooling rate of 220 K/min was less than 0.2 K. At an- represent different sample cooling rates.

nealing temperatures below42°C the differences in

the Ty at nominal cooling rates from 150 to 220 K/min  3.3. Determination of glucose concentration

were less than 0.2K. Therefore, a nominal cooling inthe UFM

rate of 220 K/min appeared to be sufficient for accu-

rateTy determination at annealing temperatures below  The above measurements yielded the optimal set-

—42°C. tings for the determination of the UFM concentra-
The very high cooling rates stated above are nomi- tion. The nominal cooling rate was set at 220 K/min

nal cooling rates based on the program settings of the and annealing temperatures were betweeté and

DSC, not the actual cooling rates. The cooling rate in —42°C for a period of 60 min. The heating curves

the sample holder is dependent on factors such as theof the 59% glucose sample after annealing—at6

temperature difference between the sample and cool-to —42°C are shown inFig. 6 and summarized in

ing medium, sample size and thermal conductivity. At Fig. 7. At higher annealing temperatures thg of

the start of each cooling step, the sample was held atthe glucose samples decreased. The slopes of the

the annealing temperature for about 1s and then the Ty values versus the annealing temperature plots for

temperature decreased sharply (Fig. 5). Since the DSCdifferent initial concentrations were similar, however,

requires time to reach a fast cooling rate, the nomi- there was a variability of=1 K for the Ty at the same

nal cooling rates are considered as cooling drives. For annealing temperature for different initial glucose

example, a nominal cooling rate of 220 K/min lowered concentrations. This variability might be related to

the sample temperature by about 20K in the first 8 s. different sample positions in the DSC sample holder

This means that the cooling rate in the sample holder or differences in sample size.

was on average 150K/min in the first 8s. However,  The Ty of the UFM followed the predicted trend,

each nominal cooling rate achieves a different sam- that is, as the annealing temperature increasedl¢he
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Fig. 5. Analysis of the sample cooling rate of a 54% glucose solution at an annealing temperat@°af.

and the UFM concentration of the annealed sample corresponds to a change of approximately 0.5% in
decreased. The UFM concentration for samples an- solute concentration. The UFM concentrations for
nealed at various temperatures was obtained from each annealing temperature are recordedahble 2.

the fitted Ty curve by estimating the solute con- The solute concentration at the annealing temperature
centration corresponding to thi at the respective  were extrapolated towards tfig curve to determine
annealing temperature (Fig. 7). At solute concentra- the Cg and7y. The results of the linear and quadratic
tions of 75-80% (w/w), a change in thig by 1K extrapolation are illustrated iRig. 8and summarized

N

[

heat flow (W/g)

Fig. 6. Ty analysis of a heating scan of a 59% glucose solution after annealirg@to —42°C.
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Fig. 7. Ty values of the annealed samples with various initial glucose concentrations.

Table 2
UFM concentrations for glucose, sucrose and maltose

Annealing Glucose  Annealing Sucrose Maltose
temperature (%, w/w)  temperature (%, w/w) (%, wiw)
¢S (4]
-34 78.8+ 0.2
—46 77.7+ 0.3 -33 78.5+ 0.2
—45 7744+ 0.3 -32 78.1+ 0.2 78.5+ 0.1
—44 771+ 0.2 -31 7784+ 0.2 78.2+ 0.1
—43 76.84+ 0.2 —30 775+ 0.2 77.9+ 0.2
—42 76.5+ 0.2 -29 775+ 0.2
—28 772+ 0.2

in Table 3. The type of extrapolation used had little
influence on the values af}, and T} since the UFM

tersection between thg, curve and the linear extrap-
olation of theT,, values. A curvature towards lower
values is expected (Fig. T, curve) as the melting
temperature depends on the initial concentration. In
this study, each quadratic extrapolation had a curva-
ture towards lower temperatures and fulfills the expec-
tations for a melting curve (Fig. 8).

3.4. Determination of sucrose and maltose
concentrations in the UFM

The optimal annealing temperatures for sucrose and
maltose were—34 to —30 and—32 to —28°C, re-
spectively. Interestingly, for all three sugars the lowest

concentrations obtained were close to the maximal annealing temperature for an annealing time of 60 min
freeze-concentration. For this reason, it appears justi- was identical to thel,» values from Roog21]. The

fiable to determine th€’j and 7y as the point of in-

T2 has been referred to as the onset of ice melting

Table 3
Cé and Tg/ values for glucose, sucrose and maltose
Type of extrapolation Glucose Sucrose Maltose

Ty (°C) Cqy (%) Ty (°C) Cqy (%) Ty (°C) Cqy (%)
Linear —-53.1+ 0.3 79.9+ 0.1 —-40.8+ 0.3 80.9+ 0.1 —-37.1+ 0.2 80.3+ 0.1
Quadratic —-53.9+ 04 79.6+ 0.2 —409+ 04 80.7+ 0.3 —-37.1+ 0.3 80.2+ 0.1
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Fig. 8. Linear (A) and quadratic (B) extrapolation of the determined glucose concentrations towards the experimentally défigouined

[17], where the UFM becomes less concentrated at systems (Table 3), due to the close distance between
this and higher temperatures. A decrease in the UFM the quasi-equilibrated UFM antyy curve. Therefore,
concentration causes a decrease in viscosity, which al-linear extrapolation was also used to determinetje
lows the molecules to move more freely. This may and Té of sucrose and maltose.

explain why the quasi-equilibrium was reached in a  The results of this study were similar to previously
shorter time frame. The solute concentrations of the published results that usdg to determinecg’JJ andTé
UFM at various annealing temperatures are listed in values, however, the€’, results from the area under
Table 2. TheCy and 7y values from both the lin-  the peak method are distinctively lower (Table 4). This
ear and quadratic extrapolation are summarized in may be due to the use of constant values for the la-
Table 3. Again, the type of extrapolation did not sig- tent heat of ice and specific heat of the solujte4].
nificantly change theC; and 7; values of the sugar  FurthermoreT;, was considered to be thg of the

Table 4

PublishedTé and Cé values for glucose, sucrose and maltose

Method Glucose Sucrose Maltose Reference
Ty (°C) Cqy (%) Ty (°C) Cq (%) Ty (°C) Cgy (%)

DSC? —43 70.9 -32 64.1 —29.5 80.0 [12]

DSC? —42.4 74.6 —29.7 76.7 [13]

DS -32 83.0 [27]

DSC —40 81.2 [6]

DSC -53 80.0 —41 81.7 -37 81.6 [17]

DMTA -52.0 80.7 -394 82.6 -34.0 82.8 [10]

2 Area under the curve was used to determiféeand T2 was considered as tHPg’ of the UFM.

b Comparison of theTy, with the Ty of vitrified samples.
¢ Samples were annealed to achi@/@ and T,; was considered as tr@g’ of the UFM.
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UFM [12,13]. The higher onset temperature for the References

integration reduces the area under the heat flow curve

and thus results in a smaller UFM concentration. The
T/ values obtained by DMTA are close to the values
of this study[10]. This suggests thaf;; can be used
to determine thdy values of the UFM and the UFM

concentrations. Interferences from superimposed tran-

sitions at thel,1, such as ice formation, are therefore
likely to be negligible.

The new method developed in this study deter-
mines theC/, and T of the UFM and also describes
the shape of the melting curve. Furthermore, the
annealing times are shortened to 60min. The re-
sults of this study should now be adapted to more
complex systems. By extending the annealing time
or increasing the cooling rates the accuracy of the
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